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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

Question 2: Free-Response Question 15 points

(a) For drawing an arrow pointing to the left with no extraneous arrows 1 point

Example Response

Total for part (a) 1 point

© 2023 College Board



AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(b)(i) For using Faraday’s law to calculate the value of the induced emf 1 point

Scoring Note: This point may be earned without the negative sign or a numerical answer.
Example Response

d®,
ot

d(B,dx)
ot

E =

For a correct substitution of v for % 1 point

Scoring Note: A student can earn points 1 and 2 of part (b)(i) by starting with the
expression & = Bjdv .

Example Response

dx
& =-Bd|=
: ( di )
g = _Bldv
For substituting the correct resistance into an equation for Ohm’s law to solve for the current 1 point

Example Solution

__d®g
€= dt
_ _d(Bldx)
&€= dt
dx
= -Bd|*
P 1d( dt)
g = _Bldv
& = —(0.40 T)(0.30 m)(2.5 m/s)
E=-030V
AV = IR
_AV
R
_lel
R
| 0.30V| B
1= 0200 =15A
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(b)(ii) For substituting the current or an expression for the current obtained from part (b)(i) into an 1 point
appropriate equation for calculating the magnetic force
Example Responses

F = j 1d7 x B
F = IdB,
F = (1.5A)0.3m)(0.4T)
F =0.18 N
OR
F=\I1dlxB
F = IdB,
B,dv
P (B)ap
B Blzdzv
F==%
n_ (04 T)?(0.3m)* (2.5 m/s)
B 020
F =018N

Total for part (b) 4 points
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(© For drawing a straight line with a positive slope that starts at the origin from ¢ = 0 to ¢ 1 point
For drawing a curve that is decreasing and concave up from ¢ to 7, 1 point
For drawing a nonzero horizontal line from £, to & 1 point
For drawing a nonzero horizontal line from #; to #, 1 point

Example Response

o

Total Points for part (c) 4 points
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(@)

(a)(ii)

For a correct answer with units (0.4 €2)

Scoring Note: This point can be earned without supporting calculations.

1 point

Example Response

Rs = ZRi

i
R, =(02Q)+(02Q)
R, =04Q

For a statement that correctly describes the inverse relation between resistance and current
(e.g., as resistance increases, current decreases)

1 point

For a statement that correctly describes the direct relation between current and force (e.g., as
current decreases, magnetic force decreases)

1 point

For a statement that correctly describes the direct relation between force and acceleration
(e.g., as force decreases acceleration decreases)

1 point

Scoring Note: Full credit can be earned with a justification that is consistent with the
resistance calculated in part (d)(1).

Example Response

The new acceleration @y, is less than ayein, - Greater resistance of the bar causes the

new
current to be less than in the original scenario. Less current causes the magnetic force

F = IdB on the bar to also be less than the original. By Newton's second law F = ma so
less force on a bar of the same mass results in less acceleration.

Total for part (d)

4 points
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AP® Physics C: Electricity and Magnetism 2023 Scoring Guidelines

(e) For correctly indicating one of the following, with an attempt at a relevant justification: 1 point
e Increasing H
e Increasing B;
e Increasing d

For correctly justifying the identified modification that will result in a larger induced current 1 point
in the new bar at position xg

Example Responses

Increasing H will increase the induced current. If the ramp is higher, then the potential
energy is greater and this results in greater kinetic energy and greater velocity at the bottom
of the ramp. A greater velocity causes a greater rate of change in flux as the bar moves
through the field. By Faraday’s law the emf is greater and therefore also the current.

OR

Increasing By will increase the induced current. If the magnetic field is stronger this

increases the flux through the circuit and therefore also the rate of change in the flux. By
Faraday’s law the emf is then greater and therefore also the current.

OR

Increasing d will increase the induced current. A larger width results in a greater area
encompassed by the circuit. Greater area increases the flux through the circuit and therefore
also the rate of change in the flux. By Faraday’s law the emf is then greater and therefore
also the current.

Total for part (¢) 2 points

Total for question 2 15 points
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PC EM Q2 Sample 2A Page 1 of 3

Question 2

Begin your response to QUESTION 2 on this page.

+y

Perspective View (at time ¢ = 0)

L 1 1 | | | [ .
= 1 T 1 T T x
0 X | X X, X3 X4

Top View (at time 1g)

2. Mwﬂdcﬂﬁuﬂhmww&md-ﬂ,wn.Anﬁmo{mﬁmié 0.20 ) connects
the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time 7 = 0, the bar is released from rest from position x;, and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time #, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude By = 0.40 T that is directed in the '
+y-direction.

* At time t,, the bar reaches position x, and enters a region with no magnetic field.

* At time f3, the bar reaches position x; and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

» At time t4, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time g such that f; < 15 < 15,

Unauthorized copying or reuse of this page Is illegal. Page 6 GO ON TO THE NEXT PAGE.
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PC EM Q2 Sample 2A Page 2 of 3

Question 2

Continue your response to QUESTION 2 on this page.

(a) On the following diagram of the bar, as observed from the Top View, draw an arrow indicating the direction of
the net force F,, exerted on the bar at time #g. If the net force is zero, write F; = 0.

Frer

(b) At time g, the speed of the bar is v = 2.5 m/s.
i. Calculate the magnitude of the current in the bar at time fp.

TR Ot -N%"'%g od shee B Reld 5 conshnt,
nfz -84l - gly s

Weﬁcwrcn‘]‘% c‘%: %—\{ = _1—,5‘.::‘1:3 o I'SAfﬁ?\

ii. Calculate the magnitude of the net force F,; exerted on the bar at time tp.

[FMI-]: 510&‘15\ = I-fﬂ"(?) = IﬁSdZ: I&i o>
‘LZ Mb{ L e fef/‘-offc-fm. %tﬁm,

Mﬁ"u—";ﬂguzﬁp*l:"f.o_q.{b.s 0.13 M

(¢) On the following axes, sketch a graph of the speed v of the bar as a function of time ¢ between t = 0 and #,.

Vv
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PC EM Q2 Sample 2A Page 3 of 3

Question 2

Continue your response to QUESTION 2 on this page.

(d) The original scenario is repeated but with a new bar that has the same mass but with a nonnegligible
resistance R = 0.20 2. The new bar is released from rest and smoothly transitions to the horizontal section of
the rails and enters the first uniform magnetic field.

i. Determine the total resistance of the closed circuit.

Toll rsidhnce = 0.2 ¢ o.'e.fo.ftﬂﬁy

as thy ae in senes,

ii, In the original scenario, the magnitude of the acceleration of the bar immediately after the bar enters the
first uniform magnetic field is @,pigina)- In the new scenario, the magnitude of the acceleration of the bar
immediately after the bar enters the first uniform magnetic field is @,y Is apey, greater than, less than, or
equal t0 @qriging ? Justify your answer. .

amvﬁ Bs ‘Hu.. ﬁ-gnbhdasmng MASS .F He Ave bers e
He e, oy pake Un mageht Reld whh cqeal velouhy. Hss, o andd

B ot o U grne. Coeat: B oo b L doblec in ot 2

#hp comat 15 hlved, sk Frce.2 Bd T 50 shue 5 mol ol orc.

wramnt Fore 8 belve. Moss 4 efpal 0 Ape, mot be bnked,

b IL ‘3‘- k’s 4"11 '\-. hal
(e)Desclibelmod:ﬁuﬁoan.Bl.ormwﬁﬂmmhinllnwindnmdmtinthembuhnmedhmly

after the bar enters the first uniform magnetic field. Justify your answer.

Covrent "'%d'. There boee, Yo mcrense Mo it cormal Imncdiakdy
0«-”01- He Lw' Mitlo -L. Rt vl baa wn!\c. Rlld, 6, Can L&

incravnl oy ety popriond ik b B, 50§ isrenses
O Ll we wefl.
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PC EM Q2 Sample 2B Page 1 of 3

Question 2

Begin your response to QUESTION 2 on this page.

+y

+x
+z
B,
N

S
s

Perspective View (at time ¢ = ()

i

1 L [l ] L -
L) I 1 I | x

L L

¥

0 X | B 2 ) X3
Top View (at time rg)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.20 ) connects
the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails. Frictional forces and the resistances of the bar and rails are negligible.

* At time t = 0, the bar is released from rest from position x; and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time #,, the bar reaches position x; and smoothly transitions to the horizontal section of the
rails and enters a uniform magnetic field of magnitude B; = 0.40 T that is directed in the
+y-direction.

* At time t,, the bar reaches position x, and enters a region with no magnetic field.

* At time 14, the bar reaches position x; and enters a uniform magnetic field of
magnitude B, = 0.60 T that is directed in the +z-direction.

= At time 1,, the bar reaches position x, and enters a region with no magnetic field.

The bar is at position xg (shown in Top View) at time tg such that f; < 15 < 1,.

Unauthorized copying or reuse of this page is Illegal. Page 6 GO ON TO THE NEXT PAGE.
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PC EM Q2 Sample 2B Page 2 of 3

Question 2

Continue your response to QUESTION 2 on this page.

(a) On the following diagram of the bar, as observed from the Top View, draw an arrow indicating the direction of
the net force F., exerted on the bar at time rp. If the net force is zero, write e, = 0.

Fvet
(b) At time tp, the speed of the bar is v = 2.5 m/s.

i, Calculate the magnitude of the current in the bar at time fg.
\\/ z Bﬂ,ﬁ

vzIR N

_ gLV

T T e g D
— - o.q. 5.3’1.-5 -
L= e ° 0 > \'SA

ii. Calculate the magnitude of the net force F, exerted on the bar at time fg.

F:: RT L

F=04-1.5. 0.5

(c) On the following axes, sketch a graph of the speed v of the bar as a function of time ¢ between t = 0 and 1.
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Unauthorized copying or reuse of this page is illegal. Page 7 GO ON TO THE NEXT PAGE.

@ oo 00 e o ® ® o0 O

Use a pencil or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.




- PCEM Q2 Sample 2B Page 3 of 3
Question 2 | “

Continue your response to QUESTION 2 on this page.

(d) The original scenario is repeated but with a new bar that has the same mass but with a nonnegligible
resistance R = 0.20 (). The new bar is released from rest and smoothly transitions to the horizontal section of
the rails and enters the first uniform magnetic field.

i. Determine the total resistance of the closed circuit.

R K ¥R, im

[pm—

ii. In the original scenario, the magnitude of the acceleration of the bar immediately after the bar enters the
first uniform magnetic field is ayging- In the new scenario, the magnitude of the acceleration of the bar

immediately after the bar enters the first uniform magnetic field is apey. Is apey greater than, less than, or |
equal t0 @riging ? Justify your answer. -

) = Ns154S3
g Mo begerze e

o d

(e) Describe a modification to H, Bl.udthnwiﬂmkinllnmindneodcmmtinthene;buimeﬁmly
after the bar enters the first uniform magnetic field. Justify your answer.

\= B . |
Smee B b ot M Ao Amrnbns
Ve > MCrendiy My of Nest wold difeetly
A= 9%— Mleese T dve el (,uf/..»;}f 5
ns il e ceasiy ¢ B She ¥
Vaody wold be g for ¢ (el
Cadler thus Meresiy e Currnd
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PC EM Q2 Sample 2C Page 1 of 3
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Question 2

Begin your response to QUESTION 2 on this page.

+y

Perspective View (at time ¢ = 0)

-]
A A
VY

— ] | ) ] | R -
I I I | I ] I
0 X x| X X X3 X4

Top View (at time 1g)

2. Two parallel conducting rails are separated by distance d = 0.30 m. A resistor of resistance R = 0.200) connects
the rails. A conducting bar is placed on a sloped section of the rails at height H above the horizontal section of the
rails, Frictional forces and the resistances of the bar and rails are negligible.

* At time ¢ = 0, the bar is released from rest from position x, and slides down the sloped section
of the rails, as shown in the Perspective View.

* At time 1), the bar reaches position x; and smoothly transitions to the horizontal section of the
rdhmdenm:unifmmmpoﬁcﬂddqunpiw B;=040T thltildiromdinthc
+y-direction.

'Attimor;,dubumchﬂpodﬁm x, and enters a region with no magnetic field.

* At time t5, the bar reaches position x; and enters a uniform magnetic field of
magnitude By = 0.60 T that is directed in the +z-direction.

*» At time 14, the bar reaches position x4 and enters a region with no magnetic field.

- The bar is at position xg (shown in Top View) at time #g such that #; < 15 < #,.
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PC EM Q2 Sample 2C Page 2 of 3

Question 2

Continue your response to QUESTION 2 on this page.

(a) On the following diagram of the bar, as observed from the Top View, draw an arrow indicating the direction of
the net force F,, exerted on the bar at time #p. If the net force is zero, write K., = 0.

(b) At time tg, the speed of the bar is v = 2.5 m/s, h
LCduﬂnthemmﬂmdeulgpmminthebuuﬁm

F;{\ 7 * gfg ci.ﬂ =R
? CL 15""/3 6 "f‘T | '
:SIM Xg O,QT' Ongn’

ii. Calculate the magnitude of the net force Fy,, exerted on the bar at time #g.

e
%?xb

= = Sldilxb (32 Y
E = Q5HLA6-03m x 04T = 14591551

(c)Onlhefollowin‘uu sketch a graph of the speed v of the bar as a function of time ¢ between t = 0 and 1,.

= 5% % 4

o

s . o e e el . e

t

. NSRRI W———

Iy
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PC EM Q2 Sample 2C Page 3 of 3

i . 4 & . B : i 2
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Question 2

Continue your response 16 QUESTION 2 on this page.

(d) The original scenario is repeated but with a new bar that has the same mass but with a nonnegligible
resistance R = 0.20 (). The new bar is released from rest and smoothly transitions to the horizontal section of
the rails and enters the first uniform magnetic field. ‘

i. Determine the total resistance of the closed circuit.

vEIR

ii. In the original scenario, the magnitude of the acceleration of the bar immediately after the bar enters the
first uniform magnetic field is @ gging- In the new scenario, the magnitude of the acceleration of the bar

immediately after the bar enters the first uniform n is @pey. Is Gy, greater than, less than, or
equal 10 @origing 7 Justify your answer.

Len Yhan, Sine Yo ¥ oo s mani%ﬂ»‘is
e Hhav Yo aligiael

(e) Describe a modification to H, By, or d that will result in a larger induced current in the new bar immediately
mhwm&&ulfmmmeﬂcﬂdd.luﬁfymm

S §B-d B, 'S mogifde cm be
Nzl do trtase Ho oot & coment Ndied

Unauthorized copying or reuse of this page Is llegal. Page 8- GO ON TO THE NEXT PAGE.
~ Use a pencll or a pen with black or dark blue ink. Do NOT write your name. Do NOT write outside the box.




AP® Physics C: Electricity and Magnetism 2023 Scoring Commentary

Question 2
Note: Student samples are quoted verbatim and may contain spelling and grammatical errors.

Overview

The responses were expected to demonstrate the ability to:
e Determine the direction of the induced current and magnetic force on a conducting rod moving through
external magnetic fields in a closed loop.
e Solve problems based on the concepts of magnetic induction, including applications of Faraday’s law,
Lenz’s law, and the magnetic force equation.
e Sketch a graph of velocity vs. time for
o an object affected by a constant (or zero) force.
o an object affected by a variable force that is dependent on velocity.
e Determine the equivalent resistance of a network of resistors.
e Apply Ohm’s law both numerically and qualitatively to determine and/or analyze current.
e Determine qualitatively the effect of changes in current on magnetic force acting on a current-carrying wire.
e Determine qualitatively the effect of changes in force/mass on magnitude of acceleration.
e Determine qualitatively the effect of change in height of a ramp on magnitude of speed of an object released
down the ramp.

Sample: 2A
Score: 15

Part (a) earned 1 point for correctly indicating the net force on the bar is to the left. Part (b) earned 4 points. The first
point was earned for correctly using Faraday’s law to calculate the value of the emf . The second point was earned

for correctly substituting the speed v for % . The third point was earned for correctly substituting the resistance into

an equation for Ohm’s law to solve for the current. The fourth point was earned for correctly substituting the current
obtained from part (b)(i) into an appropriate equation for calculating the magnetic force exerted on the bar. Part (¢)
earned 4 points. The first point was earned for correctly indicating a straight line with positive slope that starts at the
origin from ¢ = 0 to #;. The second point was earned for indicating a curve that is decreasing and concave up from

f, to t, . The third point was earned for correctly indicating a nonzero horizontal line from #, to #;. The fourth point
was earned for correctly indicating a nonzero horizontal line from ¢; to #, . Part (d) earned 4 points. The first point

was earned for correctly indicating the total resistance, including units. The second point was earned for correctly
indicating that the greater resistance of the circuit results in less current in the new scenario. The third point was
earned for correctly indicating that less current through the bar results in less magnetic force in the new scenario.
The fourth point was earned for correctly indicating that less force acting on the bar results in less acceleration in the
new scenario. Part (e) earned 2 points. The first point was earned for correctly indicating to increase the value of B,

and attempting a relevant justification. The second point was earned for correctly indicating a valid justification.

© 2023 College Board.
Visit College Board on the web: collegeboard.org.



AP® Physics C: Electricity and Magnetism 2023 Scoring Commentary

Question 2 (continued)

Sample: 2B
Score: 9

Part (a) earned no points because the response incorrectly shows the net force in a direction other than left. Part (b)
earned 4 points. The first point was earned for correctly using Faraday’s law to calculate the value of the emf . The
second point was earned for correctly substituting the speed v for % (implicit by use of emf = BLv). The third
point was earned for correctly substituting the resistance into an equation for Ohm’s law to solve for the current. The
fourth point was earned for correctly substituting the current obtained from part (b)(i) into an appropriate equation
for calculating the magnetic force exerted on the bar. Part (c) earned 2 points. The first point was earned for
correctly indicating a straight line with positive slope that starts at the origin from ¢ = 0 to ¢, . The second point was
not earned because, although the response shows speed is decreasing, it is not a curve that is concave up from ¢ to
t, . The third point was not earned because the response does not show a nonzero horizontal line from ¢, to t;. The
fourth point was earned for correctly indicating a nonzero horizontal line from #; to ¢, . Part (d) earned 1 point for
correctly indicating the total resistance, including units. The second point was not earned because the response does
not address the effect of resistance of the circuit on the current in the new scenario. The third point was not earned
because the response does not address the effect of current through the bar on the magnetic force in the new
scenario. The fourth point was not earned because the response does not address the effect of the magnetic force
acting on the bar on acceleration in the new scenario. Part (e) earned 2 points. The first point was earned for
correctly indicating to increase the value of B, and attempting a relevant justification. The second point was earned

for correctly indicating a valid justification.

Sample: 2C
Score: 5

Part (a) earned no points because the response incorrectly shows the net force in a direction other than left. Part (b)
earned 1 point for correctly substituting the current obtained from part (b)(i) into an appropriate equation for
calculating the magnetic force exerted on the bar. The second point was not earned because the response does not
use Faraday's law to calculate the induced emf . The third point was not earned because the response does not
correctly relate rate of change in flux to the speed of the bar. The fourth point was not earned because the response
does not correctly substitute the value of resistance into an equation for Ohm’s law to solve for current. Part (c)
earned 3 points. The first point was earned for correctly indicating a straight line with positive slope that starts at the
origin from ¢ = 0 to #,. The second point was not earned because the response does not indicate a curve that is

decreasing and concave up from ¢, to ¢, . The third point was earned for correctly indicating a nonzero horizontal
line from ¢, to t;. The fourth point was earned for correctly indicating a nonzero horizontal line from #; to #4.

Part (d) earned no points. The first point was not earned because the response has incorrect units for the total
resistance. The second point was not earned because the response does not address the effect of resistance of the
circuit on the current in the new scenario. The third point was not earned because the response does not address the
effect of current through the bar on the magnetic force in the new scenario. The fourth point was not earned because
the response does not address the effect of the magnetic force acting on the bar on acceleration in the new scenario.
Part (e) earned 1 point for correctly indicating to increase the value of B; and attempting a relevant justification. The

second point was not earned because the response does not provide a valid justification.

© 2023 College Board.
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